ABSTRACT
Xia Wu 2011; Lunge et al., 2014; Mangwandi et al., 2011b; Mangwandi et al., 2014; Yürüm 10 et al., 2014) . A wide range of materials such as inorganic metal oxides and hydroxides
11
( Albadarin et al., 2014b; Albadarin et al., 2014c; Glocheux et al., 2014; Halim et al., 2008) ,
12
natural materials (Albadarin et al., 2014b; Halim et al., 2008; Mangwandi et al., 2013a) , novel high adsorption capacity (Hai-Xia Wu 2011; Keyser et al., 2006; Mostafa et al., 2011) .
28
However, in these pieces of research the adsorbents developed were in fine powder from which 29 present other problems during process scale up. It is known that ultra-fine powder adsorbents 30 can be used directly for water treatment, however, issues due to their low hydraulic 31 conductivity means, high pressure drop may occur in packed bed as well as leaching (Hai-Xia
32
Wu 2011; Mostafa et al., 2011; Zhao et al., 2012) . If the adsorbent material is used in fine 33 powder form, problems are also encountered when separating the adsorbent from the treated 1 effluent to recover the adsorbent (Hai-Xia Wu 2011).
2
Efforts have been made to improve the performance of some adsorbents by engineering 3 their physical and structural properties; for instance, increasing the particle size of the 4 adsorbent make it suitable for use in packed column systems and reduces the pressure drop 5 across the column (Hai-Xia Wu 2011; Keyser et al., 2006; Mostafa et al., 2011; Zhao et al., 6 2012). An earlier study also revealed that narrow size distribution particle favours lower 7 pressure drop across the column (Keyser et al., 2006 stability has to be made; higher composition of PVA in the matrix increased the strength and 25 stability of the matrix at the expense of adsorption capacity of the fluoride (Hai-Xia Wu 2011).
26
In this study, a preliminary test was conducted prior the production of iron oxide adsorbent 27 granules in order to investigate the suitable solvent used for the binder. The granulation process
28
is not trivial as it is affected by formulation variables, equipment variables such as impeller 29 shape design and process variables (Mangwandi et al., 2011a; Mangwandi et al., 2012; 30 Mangwandi et al., 2015; Mirza et al., 2015; P.C Knight, 2000; Rahmanian et al., 2011; Tardos 31 et al., 1997) . The solvents that were considered were acetone, methanol and toluene. The 32 solvent loaded with the polyvinyl acetate (PVAc) binder was added to the iron oxide powder and mixed. As the solvent evaporates from the binder, powder particles stick together with 1 inter-particle bridges and undergo further growth mechanisms by forces in the mixer to produce 2 granules. The granulation time was kept constant because of its insignificant effect in this study 3 as an organic solvent was used. The volatility properties of the organic solvent make it easily 4 to be evaporated regardless the duration of process. A face centred design of experimental 5 design was employed to investigate the effect of process parameters such as impeller speed,
6
liquid binder concentration and liquid-solid ratio on physical characteristics of the adsorbent.
7
The response functions selected for this study were granular the product yield, granule strength, solutions. The mass iron oxide powder was kept at 300g.
GRANULES CHARACTERIZATION 1

GRANULE SHAPE ANALYSIS FROM MICROSCOPIC IMAGES 2
Representative random samples of granules were selected from the different batches and digital 3 images of these granules were taken using a digital microscope (Keyence Digital Microscope, 4 VHX-5000, Keyence UK). Images were taken at different magnifications to reveal the surface 5 structure of the granules. 
PARTICLE SIZE ANALYSIS AND DETERMINATION OF PRODUCT YIELD 7
The granules characterization analysis was conducted in terms of granules size distribution, for 5 minutes at 180 rpm to determine the granules and mass mean diameter of the granules.
12
The mean diameter of the granules and the product yield were determined from the sieve 13 analysis data using Eqs. (1) and (2) Based on the dimensions of the adsorption column to be used in the detailed adsorption 21 study, the size of the granules used ranged from 1.4 to 1.7 mm. 
DETERMINATION OF GRANULE STRENGTH 23
The strength of granules was determined using a Texture Analyser (TAXT2i, Micro Stable 24 Systems, UK). The strain rate effect on the granule strength was investigated prior to the 25 strength analysis tests. Compression test were carried out at compression speeds of 0.5, 2.5, 5 and 7.5 mm/min. The results show that effect of strain rate in this range was insignificant (see 1 Figure 1 ). Subsequent compression tests were all done at a compression speed of 5mm/min.
2
The granules strength was determined from diametric compression of the single granules using 3 method described previously (Mangwandi et al., 2010; Mangwandi et al., 2013a) . The granule 4 strength was determined from the failure load and granule diameter, in this case the diameter 5 was taken as the distance between the two platens when the first contact is made between the 6 moving platen and the granule (Hiramatsu & Oka, 1966; Mangwandi et al., 2013a) .
where σ is granules granule strength, Fmax the failure load and d is granule diameter. 
WATER STABILITY TESTS 10
Samples of granules in the targeted size range of a known mass, 0 m , were added to glass jars 11 containing distilled water (50 mL). The samples were left on a mechanical shaker (Gerhardt 12 typeLS5) over a period of 72 hours at 100 rpm. At the end of the test period, the granules were 
15
The stability coefficient, λ, was determined from;
High values of stability coefficient, λ, indicate that the granules are highly stable in water.
18
Similar tests were also performed under different conditions of pH values of 2, 6 and 10, 19 which are typical pH of wastewater; in order to investigate the leachability of the PVAc binder.
20
The mass loss of the granules during the test was used as indicator of leachability of the 21 granules. For all the samples tested that amount of PVAc leached into the water was negligible. 
DETERMINATION OF IRON OXIDE COMPOSITION 23
The composition of the iron oxide in the granules was determined gravimetrically by 24 measuring the mass of residue formed upon removal of the binder particles from the granules.
25
The binder PVAc is soluble in acetone; the known mass of granules (~500 mg) was added to 26 removal of the binder was confirmed by the FT-IR analysis as discussed in section 2.1. The 1 percentage iron oxide in the samples was calculated from the initial sample mass and mass of 2 residuals after sonication and drying. All the tests were done in triplicates. 
CONTACT ANGLE MEASUREMENTS 4
The interaction between the iron oxide granules with water was investigated by measuring 5 contact angle on the surface of a disk prepared from the granules. 500 mg of iron oxide granules 6 were compressed in to flat discs using a manual hydraulic press (Atlas 15 T Hydraulic Press,
7
Specac Inc., USA) using procedure described previously (Mangwandi, 2015) . The contact 8 angles on the prepared disks surfaces with water droplets were measured using a FTA1000B 9 goniometer instrument (First Ten Angstroms, Ltd). The FTA 1000B goniometer was composed 10 of a camera, a stage-sample holder, a drop dispenser with a syringe and needle and a backlight. 
FT-IR ANALYSIS OF THE GRANULES 14
The FT-IR analysis was performed using a Perkin-Elmer Spectrum 100 spectrophotometer to 15 identify the functional groups available on the granules surface from the different samples and 
DETERMINATION OF ARSENIC REMOVAL
29
The adsorbent granules were contacted with synthetic water solutions containing arsenic
30
(III) and arsenic (V) for 3 days. The initial concentrations of the solutions were 1000 ppb. At the end of the test, arsenic concentrations were determined using ICP-ES. The removal 1 efficiency of the adsorbent was determined using Eq. (5). The highest product yield (~70 %) was obtained when acetone was used as the binder 10 followed by toluene (~40 %) and then methanol (~25 %). Furthermore, the strength of granules 11 prepared using the acetone binder solution was also superior. Hence, polyvinyl acetate-acetone 12 solution was selected as a binder solution. 
GRANULE SHAPE AND SURFACE STRUCTURE ANALYSIS
EFFECT OF PROCESS VARIABLES ON PRODUCT YIELD
22
In this work, the product yield has been defined as the mass fraction of granules in the target to be controlled by layering growth mechanisms while at higher viscosities result in a 28 coalescence growth mechanism (Chitu et al., 2011; Mangwandi et al., 2010) . This might 29 explain why the highest granules product yield was obtained when high binder concentration 30 was used.
It is evident from Figure 7 that increasing the liquid to solid ratio, which increases the 1 amount of binder available for forming liquid bridges between powder primary particles, 2 increases the product yield (Mangwandi et al., 2013a; Mangwandi et al., 2013b) . Also, it can 3 be seen that at the highest liquid to solid ratio (0.33), the granules product yield has significantly 4 increased with increasing the impeller speed when high liquid binder concentration is used.
5
However, a slight increase in the product yield with increasing impeller speed is observed at 6 low binder concentration. Almost the same pattern of surface response plot can be seen but the 7 granules product yield decreased by about 50% when liquid to solid ratio is lowered to 0.15.
8
However, the rate of increase in the product yield with respect to changes of binder 9 concentration or impeller speed is significantly reduced.
10
The granules coalescence growth can be due to either by coalescence of non-deformable is less prominent; this is due to the rate of breakage being significant due to formation of weaker 24 bonds when less viscous binder is used. It can be assumed that the extent of granules breakage 25 was significant and that it limits the overall growth (P.C Knight, 2000).
26
Using low viscous binder solutions during the granulation process results in formation of 27 weak bonds between the primary particles. Figure 6 has shown that the effect of impeller speed 28 on the granules product yield is also dependent on the binder viscosity. The increase in impeller 29 speed results in an increase in granules product yield and the effect is more pronounced when 30 more binder is used in the process (higher liquid to solid ratio).
EFFECT OF PROCESS VARIABLES ON GRANULES GRANULE STRENGTH 1
The results from strength analysis of granules in the targeted size range are shown in Figure   2 8. The figure shows that granules with the highest strength were produced in batch number 20 3 where the average strength of the granules was found to be around 25 MPa. For batch 20, 4 impeller speed was set at 160 rpm; binder concentration was 20 g/L; and the liquid to solid 5 ratio of 0.30 were used. The weakest granules (~5 MPa) were produced in batch number 3 were 6 the liquid to solid ratio was at the minimum value of 0.17.
7
ANOVA analysis of the granule strength data showed that the binder concentration and 
EFFECT OF PROCESS VARIABLES ON GRANULES STABILITY COEFFICIENT
21
The granules stability coefficient was used to evaluate the stability of granulated iron oxide The effect of the process variables on the granules stability coefficient is summarized by the 28 empirical equation. 
The influence of the process variables on the granules stability coefficient is summarized by 2 the surface plots in Figure 11 for the case where the liquid to solid ratio is 0.30. It is expected 
EFFECT OF PROCESS VARIABLES ON GRANULES MEAN DIAMETER
12
Analysis of the average granules sizes from the 20 batches using ANOVA revealed that the The surface plots generated from Eq. (9) 
IRON OXIDE COMPOSITION OF SELECTED SAMPLES
12
Typical images captured during the measurement are shown in Figure 13 . The values of the the concentration of iron oxide in the granules as can be seen in Figure 15 .
26
In a recent study, maximum removal efficiencies ranging between 70 and 80 percent were 27 achieved for the removal of As(III) using lipodocrocite crystals at initial concentration 100 ppb , 2013; Cope et al., 2014; Glocheux et al., 2014;  in the removal efficiencies could be due to the fact that dosage levels of the adsorbent that was 1 used in the other studies were about 10 times higher that used in the current studies. The detailed adsorption studies will be considered in future work. 
15
LIST OF SYMBOLS
16
C0
